Abstract: Motion artifact is still a major issue in cardiac computed tomography because the current motion correction and electrocardiogram gating techniques have not fully addressed this problem. The image quality can be significantly improved by using information about the actual state of the heart and an exact reconstruction algorithm. We propose to extend a cardiac computed tomographic technique, using the knowledge of the volume and the relation between the state and the phase of the heart, to a saddle curve trajectory. This will optimize the image quality by reducing the artifacts resulting from approximate reconstruction and solve the long-object problem. Necessary background is provided, and the effectiveness of the algorithms is demonstrated in numerical simulations with the dynamic thorax phantom.
I
mportance of early diagnosis of cardiovascular diseases (CVDs) cannot be overemphasized. Every year since 1900, except 1918, CVD accounted for more deaths than any other single cause or group of causes of death in the United States. Cardiovascular diseases accounted for 1 in every 2.8 deaths in the United States in 2004. 1 As an established gold standard for assessing coronary arteries, coronary angiography is an invasive procedure. Whereas noninvasive cardiac imaging is a demanding application, on one hand, high temporal resolution is required to freeze the heart to avoid motion artifacts. On the other hand, high spatial resolution is required to visualize small and complex anatomy structures like the arteries. 2 Cardiac computed tomography (CT) has undergone an accelerated progress in imaging capabilities in the last decade and is expected to continue in the foreseeable future. 3 The introduction of single-slice helical CT in 1998 improved the volume coverage speed performance, 4 which was further improved by the introduction of multislice CT (MSCT) in 1999. 3 The subsecond rotation combined with MSCT made way for the use of thinner slices, thus providing an increase of the spatial resolution. 5 It has been postulated that a temporal resolution of less than 19 milliseconds is required to suppress all cardiac motion artifacts. 6 However, the current MSCT systems provide a temporal resolution of 83 to 210 milliseconds that cannot totally isolate coronary artery motion in all individuals. 3 At present, both prospective and retrospective gating technologies are used in MSCT 7 to improve temporal resolution. Retrospective gating can be used to select phases with minimum motion. However, the image quality depends on the trigger delay 8 and patient physiological motions, and it often cannot accurately depict the boundaries of the cardiac structures especially for a high heart rate. 9, 10 These algorithms do not use information about the actual state of the heart. In 2002, Wang et al 10 proposed a dynamic knowledge-based cardiac volumetric CT for the circular trajectory. This algorithm is capable of reconstructing multiple states based on the knowledge of instantaneous cardiac state. Note that a state is defined as an absolute spatial configuration of the heart as opposed to the phase, which is defined as a specific period in the cardiac cycle. The temporal and the spatial information of the beating heart are used by optimizing the strategy for selecting and merging the segments of the raw data based on the relationship between the cardiac status and the electrocardiogram (ECG). In other words, the data segments are collected when the heart is in a consistent state, so that the image reconstruction produces the best quality for any specified state. This approach could be extended to any closed and periodic trajectory.
In the knowledge-based algorithm proposed by Wang et al, 10 an approximate modified generalized Feldkamp algorithm 11 was used with a circular trajectory. It is well known that Feldkamp-based approximate reconstruction algorithms 12 have a drop in image intensities for the planes away from the source plane. After the knowledge-based algorithm was proposed, the exact reconstruction algorithms have made a tremendous progress. An important milestone was reached when Katsevich 13 proposed the first theoretically exact and efficient filtered backprojection reconstruction algorithm for the standard helical trajectory. However, this algorithm cannot be applied to more general trajectories like saddle curve. Lately, there has been considerable interest in the saddle curve source trajectory for cardiac imaging.
14 This is primarily because the saddle trajectory is closed and periodic that facilitates cardiac imaging, 14, 15 and it also satisfies Tuy condition 16 for exact reconstruction. Inspired by Katsevich's milestone work, the exact reconstruction algorithm has been extended to generalized scanning trajectories.
17Y21 Although these algorithms could be used for smooth trajectories like saddle curve, the first exact and simple filtered backprojection reconstruction for saddle curve trajectory was proposed by Yang et al. 22 They also reported discretization artifacts due to differentiation between views that increased with higher saddle pitches. To improve the image quality, they also proposed a view-independent reconstruction algorithm for general saddle curve trajectory. 23 This algorithm not only improves the image quality but is also very suitable for parallel implementation.
The major contribution of this paper is to combine the dynamic knowledge-based volumetric CT technique and exact reconstruction algorithm for saddle curve trajectory to enable better temporal and spatial resolutions. The performance of exact reconstruction algorithm is also compared against the approximate reconstruction algorithm to emphasize the need for using the exact reconstruction algorithm. This paper is organized in the following manner. Our methods are described in section 2. Simulation results are presented in section 3, and the discussion and conclusions are provided in section 4.
MATERIALS AND METHODS

Knowledge in Cardiac CT
Cardiac cycle involves initiation and propagation of the electrical pulse in the heart. This pulse is initiated in the atrium at the sinoatrial node and is propagated to the ventricles by the atrioventricular (A-V) node and the Purkinje fibers. Both the atria and the ventricles go through a period of contraction called systole and a period of relaxation called diastole. Figure 1 shows the relation between pressure, flow, volumes, and ECG for the left atrium and left ventricle. P wave of the ECG represents the spread of depolarization in the atria. Atrial diastole follows atrial systole and occurs during vertricular systole. The QRS complex corresponds to the excitation of ventricular muscles, thus leading to a ventricular systole. T wave corresponds to the repolarization of the ventricles when the ventricles start relaxing. Hence, T wave occurs slightly before the end of the contraction of the ventricles.
During It can be seen that ECG is closely correlated to the left ventricular volume curve. Thus, we can use the left ventricular volume curve as an indicator of the state of the heart as in the study by Wang et al. 10 The knowledge of the state and its relation to the phase of the heart is the key part to the knowledge-based dynamic volume cardiac CT. 
Generation of Volume Curve
Under the assumption that the volume curve is continuous and periodic, the ventricular volume curve can be generated using the following basic equation:
where, d = (a j c) 2 / ( fm j b) 2 , a m c and b = f(a). The volume curve can be divided into various sections and simulated as the follows:
Isovolumetric relaxation during ventricular systole
Ventricular emptying during ventricular systole
Ventricular filling during diastole
Ventricular filling during part of atrial systole
Ventricular filling during the remaining of atrial systole
where, T c is the period for the heart cycle. For simplicity, systolic curve is referred as f(t) = f s (t), with 0 e t e t 3 , and the diastolic curve is referred as f(t) = f d (t), with t 3 G t e T c .
It is important to extract the parameters of the volume curve to identify the different cardiac status. In our current work, we use the parameters defined by Wang et al. 10 These parameters for T c = 1 and normalized volume are given in Table 1 . The values of t i 's defining the range of sections can be scaled appropriately according to the chosen period.
Concept of Multiple-Phase State Reconstruction
In this paper, different heart state corresponds to a different ventricular volume level. As seen from the volume curve in Figure 2 , during a heart cycle, each state may be present in both the systole and the diastole, and this condition is generally satisfied. An appreciation of this fact enables multiple-state reconstruction. Because the heart is beating continuously, we will reconstruct a state interval instead of a state. Hence, the term state and state interval are synonymously used for a state interval in the rest of this paper. A source capable of variable speed is required to guarantee multiple states. The number of states that can be reconstructed is primarily determined by the ratio b = m / n, where m and n are relative prime numbers respectively proportional to the source and the cardiac periods. Assuming strict monotonicity of f s (t) and f d (t), n + 1 unique volumes can be identified. The maximum volume v 0 and minimum volume v n levels are known. Remaining n -1 states are identified at the intersection of f s (t) and f d (t j kT s ), with k = 1, I ,n j 1, where T s is the source period. Shown in Figure 3 , a better understanding of the concept is gained from the cycle overlapping view of the . This is more obvious from the data partition view shown in Figure 4 . Data partition view is a cardiac motion map with data segments corresponding to different states represented with different markers and line-widths.
Geometry and Reconstruction
Consider an object function f assumed to be zero outside the object support x 2 + y 2 G r 2 where, r is the radius of the object support. As shown in Figure 5 , a standard saddle trajectory can then be defined as
where, R is the radius of the circle traced by the saddle in the x j y plane, h, the height of the saddle, and L, the angle that parameterizes the saddle in the x j y plane. It is assumed that the circle traced by the saddle in the x j y plane do not pass through the object support. When using the saddle curve trajectory for data acquisition, the height h is chosen so that it satisfies the Tuy condition for the standard saddle curve 
where, D is the perpendicular distance of line connecting source to detector and passing through the z axis,
ð Þis nothing but a filtering line and can be obtained analytically as follows:
whereẑ ¼ z À a z L ð Þ and (0,0,z) is the intersection of z axis with filtering plane. the reconstruction can be carried out in a filtration-backprojection style.
RESULTS
We used the thorax phantom 24 with heart motion for our simulation. The images reconstructed in our simulation correspond to a region of interest of 50.0978 Â 50.0978 Â 19.8630 cm. To simulate the heart motion, we generated the volume curve using Eqs. (1) to (7) . The parameters used to obtain the curve are specified in Table 1 , with t i 's scaled by the cardiac period T c = 0.7 second. The sphere representing the heart in the thorax phantom was divided into 2 parts to FIGURE 6. Reconstructed images of different states for the transverse slices at z = 0 cm with a saddle curve geometry. As a baseline, the top left one is the standard reconstruction without using the knowledge-based technology, and the others are the 7 states of knowledge-based reconstruction. The display window is (0.9,1.1). The ventricles and the auricles were modeled to have an inverse relationship (ie, the volume of auricles decreases with the increase in the volume of ventricles). However, the percentage change in auricles is only one fourth of that of the ventricles. This may not be the best way to simulate complicated cardiac motion, but this is satisfactorily for our purpose in which we try to compare the standard reconstruction over 1 saddle trajectory rotation of the x-ray source against multiple states obtained using the knowledgebased technique.
We used virtual detector for our simulations. The detector size was 84 Â 100 cm with 1050 Â 1250 detector elements. The radius and the height used for the standard saddle were 75 and 19 cm, respectively. This geometry was defined to obtain a reconstruction FOV height of 10 cm. The number of views used was 1200. The perpendicular distance from the source to the detector was 75 cm. The x-ray source rotation period was T s = 0.5 seconds that gave a value of b = 5/7, thus capable of reconstructing 7 states of heart or 14 phases.
The reconstruction volume was 512 Â 512 Â 203, with a voxel size of 50/511 cm 3 . Portion of transverse slices 512 Â 256 are presented in this paper to eliminate zero portion of the slices and enable simultaneous comparison. Figures 6 to 8 show the transverse, coronal, and sagittal sections, respectively, of the phantom images reconstructed using the viewindependent exact reconstruction algorithm for the saddle curve trajectory. Figure 9 shows the exactly reconstructed images of the region around the heart in a broad window to illustrate the artifacts, especially blurring ones, not visible with the use of narrow window. It is obvious that the quality of images obtained using the knowledge-based reconstruction with saddle curve trajectory is significantly improved as compared with those obtained using standard reconstruction.
To demonstrate the merits of using exact reconstruction algorithm for the saddle curve, the reconstructed images are compared with those obtained using the approximate generalized Feldkamp in Figures 10 to 12 . Only states 4, 5, and 6 are shown here to illustrate the point and keep the number of figures to a minimum. These states were chosen because they seemed to have more artifacts than other states in Figures 6 to 9. Again, a broader viewing window is used here because the artifacts in the images obtained using the approximate reconstruction algorithm make any desirable properties not viewable in a narrower window. From these reconstructions, it is very obvious that, even at a broader window, the images reconstructed using the exact reconstruction algorithm are far more superior to the images obtained from the approximate reconstruction algorithm. It is also apparent that generalized Feldkamp algorithm is unsuitable for reconstruction using saddle curve trajectories for larger pitches such as the one used in this case.
DISCUSSION
In this paper, we have combined the knowledge-based dynamic cardiac CT technique with the acquisition over a saddle curve trajectory. Both of these are important techniques with significant potential to improve the image quality of cardiac CT. The knowledge was derived from the volume of the heart. We also illustrated the importance of exact reconstruction algorithm over approximate for use with saddle curve trajectories. As pointed out in the study by Wang et al, 10 the best strategy could be a synergistic combination of dynamic cardiac anatomy, various measurements of anatomical/physiological signals, and abundant information from raw projection data.
We carried out our simulations under ideal periodic conditions. The real data may not be optimal. However, we should be able to overcome the irregularity if we use the cardiac motion maps. In worst cases, we may still be able to use feathering techniques to make the transition between data segments smooth. Faster scan speed available in today's CT scanner combined with the knowledge-based reconstruction will likely reduce such discontinuities. Also, because the reconstruction is exact, these discontinuities may not be overemphasized. This approach successfully overcomes some issues pertaining to longitudinal data truncation. The images reconstructed with this method will not have common problems of the approximate reconstruction algorithms. We are limited in our ability to apply our methods to real data because the scanners based on saddle curve trajectory have not yet been developed.
In conclusion, we have combined the knowledge-based dynamic volumetric cardiac CT technique with saddle curve trajectory to improve cardiac imaging quality. This work, still not in its optimized form, already provides us with good image quality. Further optimization using combination of status signals may result in even better image quality. Application to real data can help understand the shortcomings and the improvisations possible in this approach.
